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ASSOCIATED PARAMETER MEASURING 
AND/OR MONITORING SUCH AS IN THE 

EVALUATION OF PRESSURE DIFFERENCES 

This patent document claims the bene?t of the US. 
Provisional Application having the Ser. No. 60/147,958; 
?led on Aug. 9, 1999. 

FIELD OF THE INVENTION 

The present invention generally involves means and 
methods for measuring and/or monitoring parametric differ 
ences betWeen associated ?uid materials and is more par 
ticularly directed to measuring a pressure difference betWeen 
?uids separated by a semi-permeable membrane. Pressure 
difference monitoring according to this invention presents a 
distinct advantage in extracorporeal blood systems, particu 
larly in a procedure called therapeutic plasma exchange 

BACKGROUND OF THE INVENTION 

Many ?uid systems require accurate measurements of 
various properties and/or parameters of the ?uids ?oWing 
therethrough. In some of these systems, the importance 
derives from the measurements of individual parameters. In 
other cases, it is the change or difference in parameters that 
is important. In either event, the accuracy required for each 
particular ?uid system may vary according to the particular 
?uid(s) involved and/or depending on the purpose of that 
system. 
An example of a ?uid system having special requirements 

Which can be signi?cantly impacted by the accuracy of 
parametric measurements, particularly involving pressure 
determinations, is a blood ?oW system outside the body, also 
knoWn as an extracorporeal blood system. An extracorporeal 
blood system usually includes a device for processing the 
blood ?oWing therethrough. There are numerous types of 
such devices. Filtration devices having semi-permeable 
membranes are commonly used in extracorporeal blood 
systems such as those used in dialysis or therapeutic plasma 
exchange The primary purpose of a semi-permeable 
membrane is usually to provide for the removal or separa 
tion of certain elements or components from the blood. Urea 
and other Waste products are removed from blood in 
dialysis, and blood plasma is separated from the red blood 
cells in TPE. The processed blood or red blood cells are then 
returned to the patient. 
More speci?cally, in an extracorporeal blood system 

using a semi-permeable membrane device, the process is as 
folloWs. Blood is removed from the patient, passed along 
and in contact With one side of a semi-permeable membrane. 
UnWanted portions of the blood (urea in dialysis, plasma in 
TPE) diffuse or ?lter through the pores of the semi 
permeable membrane. The blood remaining on the blood 
side of the semi-permeable membrane is then returned to the 
patient With less of the unWanted substance. 

Poor accuracy of pressure measurements in this art can 
create problems for the blood cells ?oWing through such a 
system. Excessive pressures or pressure differentials may 
cause red blood cells to become stuck in certain components 
of the system such as in the pores of a semi-permeable 
membrane and/or, at Worst, these red cells may be pushed 
into or against certain system components until the red cells 
burst, a consequence called hemolysis. Repetitive red cell 
destruction in this fashion Would then result in a reduction 
in the number of red blood cells available for carrying 
oxygen to the other cells of the body. Asubstantial reduction 
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2 
in red blood cells can thereby lead to oxygen de?ciency 
injury or death. On the other hand, insuf?cient pressure 
differences in extracorporeal blood systems Will result in 
less effective separation of the blood components from each 
other, as for example, of urea from the blood in a dialysis 
system, or of red blood cells from plasma in apheresis or 
therapeutic plasma exchange (TPE). 
The performance of semi-permeable membrane systems, 

and indeed of the membranes themselves, depends, in part, 
on the pressure difference across the membrane Which is 
called the trans-membrane pressure (TMP). Generally, as the 
TMP across the membrane increases, more unWanted sub 
stances pass through it. If the TMP on the membrane is large 
enough, the membrane Will rupture or the blood Will be 
damaged as described above. Therefore, there is often a 
desire to make the TMP as high as possible to make the 
treatment proceed faster, but not so high as to damage the 
membrane or the blood. The more accurately the TMP can 
be measured, the closer to the damage point the treatment 
can be performed. 

Pressure difference monitoring across a semi-permeable 
membrane has been conventionally performed using tWo 
pressure transducers in the ?uid system, one on each side of 
the membrane. Pressure readings are then taken and, either 
manually or using a microprocessor, one measured pressure 
is subtracted from the other. The resulting pressure differ 
ence is the trans-membrane pressure (TMP) referred to 
above. Also, because the ?uid pressure varies along the 
length of the membrane, additional pressure transducers 
have also been used on either or both sides of a membrane 
to improve the accuracy of the ultimate TMP calculation. 
Average pressures on either or each side of the membrane 
can thus be obtained and these resulting average pressures 
subtracted one from the other to yield a better approximation 
of the actual pressure difference across the membrane. 

More particularly, in conventional extracorporeal blood 
systems using a semi-permeable membrane disposed inside 
a ?lter device, it is common to measure the pressures 
outside, yet near the ?lter device With pressure transducers 
disposed adjacent the inlet and outlet of the ?lter device on 
the blood side of the membrane and adjacent the outlet of the 
?ltrate side of the membrane. This alloWs calculation of an 
average TMP With the formula: 

Blood Inlet + Blood Outlet 
Average TMP : 2 — Filtrate Outlet 

On the other hand, the maximum TMP experienced by the 
membrane needs only tWo of these transducer readings; 
namely, the pressure measurement at the blood inlet to the 
?lter device and the measurement at the ?ltrate outlet. Thus, 
this maximum TMP maybe expressed as: 

Maximum TMP=Blood Inlet-Filtrate Outlet. 

Thus, using three pressure transducers, one each at the blood 
inlet, blood outlet and ?ltrate outlet, both the average and 
maximum TMP’s can be calculated. Note, the semi 
permeable membrane performance is generally associated 
With the average TMP, Whereas failure of the membrane is 
usually related to the highest TMP experienced by the 
membrane. 

Nonetheless, both of these (and all other conventional) 
methods also depend for accuracy upon the precision of the 
transducers used. And, most measuring systems have some 
inherent inaccuracy associated With them. Indeed, pressure 
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transducers in this ?eld commonly exhibit 110% error in 
accuracy each relative to the actual pressure at that respec 
tive point in the ?uid system. A linearity error of 11% can 
also be expected. When using tWo or more of such trans 
ducers to determine a pressure difference, these error mar 
gins can then be compounded. 

For example, in a typical pressure transducer system for 
an extracorporeal blood system Which has an inaccuracy of 
110% for each transducer measurement, the overall accu 
racy of the pressure difference When measured With a tWo 
transducer system may be reduced by as much as a ?rst 
110% from the ?rst measurement. And, it may experience a 
still further accuracy reduction of an additional 110% from 
the second measurement. This invention is intended to 
address this compounding of measurement error. 

It is further apparent that there remains a distinct need for 
continued improvements in parametric monitoring particu 
larly in ?uid pressure difference evaluation Which provides 
for more accurately determining the difference betWeen the 
pressures occurring on both sides of a semi-permeable 
membrane. Better accuracy in pressure difference measure 
ments Will provide better achievement of target pressure 
differences in practice to substantially eliminate hemolysis 
and improve ?uid component separation. It is toWard all of 
these ends that the present invention is directed. 

SUMMARY OF THE INVENTION 

The present invention is directed to means and methods 
for approximating pressure differentials experienced in a 
?uid system. More particularly, the present invention 
involves using preliminarily measured and/or calculated 
correction quantities to modify the operationally measured 
pressure values to arrive at a closer approximation of the 
actual pressure differential. 

In general, the correction quantities used herein are 
obtained by preliminarily pressuriZing the system pressure 
transducers to various pre-selected pressures and recording 
the corresponding preliminarily measured values for each 
transducer in a data table for later use as or in the derivation 
of correction quantities. A ?rst use of such correction 
quantities is to interpolate betWeen the tWo closest data table 
values relative to the operationally measured pressure value 
and use the resulting interpolated value as the corrected 
pressure value. This sort of interpolation may be performed 
for each of tWo pressure transducers, one on each side of the 
membrane. The resulting corrected pressure values are then 
subtracted from each other to obtain the corrected pressure 
difference or TMP. An alternative of this correction scheme 
involves using data table correction quantities of a reference 
pressure transducer in the interpolation calculations of the 
tWo membrane pressure transducers. 

Similarly, other correction quantities can be recorded in a 
data table during a preliminary pressuriZation phase as 
describe brie?y above. For example, the respective differ 
ences betWeen the tWo preliminarily measured pressures of 
each of the trans-membrane pressure transducers may be 
recorded as correction quantities for each preliminarily 
applied pressuriZation. These correction quantities can then 
be used to mathematically modify the operationally mea 
sured pressure differential during actual ?uid ?oWing use. 
Also, a reference transducer can be used here as Well such 
that the differences betWeen one membrane transducer and 
the reference transducer can be recorded in the data table as 
one set of correction quantities, and the differences betWeen 
the other membrane transducer and the reference can be 
recorded as a second set of correction quantities. Both 
correction quantities may then be used in the ultimate 
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4 
determination of the pressure difference across the 
membrane, the TMP. 

Other ?uid parameters such as temperature, volume, 
?oWrate and the like can also be better evaluated according 
to the present invention. For the purposes hereof, ?uids 
include gases and/or liquids. 

Accordingly, the primary object of the present invention 
is to provide improved accuracy in determining the param 
eters exhibited in a ?uid system, particularly in determining 
pressure differentials in ?uid systems having tWo or more 
?uids separated by a membrane. 
A further object is to improve pressure differential accu 

racy using only tWo pressure transducers; one on each side 
of a membrane. 

A still further object is to improve pressure differential 
accuracy using tWo pressure transducers; one on each side of 
a membrane both modi?ed relative to a third pressure 
transducer. 

These and other features of the present invention Will be 
further illuminated in the folloWing detailed description read 
in conjunction With the accompanying draWings Which are 
described brie?y beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic vieW of an extracorporeal ?uid 
system in Which the pressure monitoring means and methods 
of the present invention may be used; 

FIG. 2 is an isometric vieW of an extracorporeal ?uid 
apparatus generally incorporating an extracorporeal system 
such as that shoWn in the schematic of FIG. 1; 

FIG. 3 is a schematic vieW of a ?uid system like that 
shoWn in FIG. 1 as incorporated on the extracorporeal 
apparatus of FIG. 2; 

FIG. 4 is an isometric vieW of a disposable pressure 
component Which may be used in accordance With the 
present invention; 

FIG. 5 is a cross-sectional vieW of the disposable pressure 
component of FIG. 4 taken along line 5—5 thereof; 

FIG. 6 is a schematic diagram of a pressure tubing system 
Which may be internally incorporated into the apparatus 
shoWn in FIGS. 2 and 3; 

FIG. 7 is a block diagram shoWing a method for improved 
parameter monitoring according to the present invention; 

FIG. 8 is a block diagram of an alternative method for 
improved parameter monitoring according to the present 
invention; and 

FIG. 9 is a graphical representation of an example of 
preliminarily applied pressure values and the corresponding 
preliminarily measured pressure values. 

DETAILED DESCRIPTION 

The present invention is primarily directed to means and 
methods for measuring pressure differentials, an exemplary 
use of Which is shoWn in the attached draWings. As dis 
cussed beloW, this invention can be used in numerous ?uid 
systems. Use in one preferred system, generally referred to 
as dialysis, Will noW be described. The general term dialysis 
as used here includes hemodialysis, hemo?ltration, hemo 
dia?ltration and therapeutic plasma exchange, among other 
similar treatment procedures. In dialysis generally, blood is 
taken out of the body and exposed to a treatment device to 
separate substances therefrom and/or to add substances 
thereto, and is then returned to the body. 
An extracorporeal blood treatment system capable of 

performing general dialysis (as de?ned above, including 
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TPE) is shown and identi?ed in the attached drawings by the 
reference numeral 10. In particular and as shoWn primarily 
in FIG. 1, system 10 generally comprises a blood tubing 
circuit 12 having ?rst and second tubing segments 14 and 16 
Which are both connected to the vascular system of a patient 
18 via access and return devices 17 and 19, respectively. 
Devices 17 and 19 are preferably cannulas, catheters, 
Winged needles or the like as understood in the art. Tubing 
segments 14 and 16 are also connected to a ?ltration or 
processing unit 20. In dialysis, ?ltration unit 20 is a dialyZer, 
Which is also often referred to as a ?lter. In TPE, it may also 
be referred to as a plasma ?lter. Filtration unit 20 is shoWn 
schematically divided into a primary chamber 21 separated 
from a secondary chamber 22 by a semi-permeable mem 
brane 23 (not shoWn in detail). In this extracorporeal system 
10, primary chamber 21 accepts blood ?oW from blood 
circuit 12 and, as described beloW, processing ?uid ?oWs in 
and through secondary chamber 22. Aperistaltic pump 24 is 
disposed in operative association With the ?rst tubing seg 
ment 14 and an air bubble trapping drip chamber 25 is 
shoWn in the second tubing segment 16. A bubble detector 
26 is often included on or adjacent the bubble trap 25. 
Numerous other component devices of blood circuit 12 are 
preferably also included as, for example, the three pressure 
sensors 27, 28, and 29 as Well as the tubing clamps 30 and 
31. 

Also shoWn schematically in FIG. 1 is the processing ?uid 
or ?ltrate side of system 10 Which generally comprises a 
processing ?uid circuit 40 having ?rst and second process 
ing ?uid tubing segments 41 and 42. As mentioned, each of 
these tubing segments is connected to the secondary cham 
ber 22 of ?ltration unit 20. In this schematic, a respective 
?uid pump 44, 46 is operatively associated With each of 
these tubing segments 41 and 42. First tubing segment 41 is 
also connected to a processing ?uid source 48 Which may 
include electrolytes pre-mixed therein or Which may be 
added by an online source 50 (or multiple sources, not 
shoWn). In dialysis, the processing ?uid is a dialysate 
mixture preferably including sodium bicarbonate, inter alia, 
as is knoWn in the art. A ?uid bag 49 (or bags) (see FIGS. 
2 and 3, beloW) may be used in lieu of sources 48 and 50. 
Dry poWder canisters (not shoWn) may also be used as is 
knoWn in the art. Second tubing segment 42 is connected to 
a Waste collection device Which, as shoWn schematically in 
FIG. 1 could be a drain 52. The Waste device is also 
commonly a Waste container such as a bag 53 (not shoWn in 
FIG. 1, but see description relative to FIGS. 2 and 3, beloW). 
Apressure sensor 54 is also disposed in second dialysis ?uid 
tubing segment 42. At times in TPE and certain other 
dialysis procedures, no processing ?uid is added or pumped 
into the system. Rather, only ?ltrate may be removed 
through the membrane 23 and pumped out of the ?ltration 
device 20 through tubing segment 42. 

FIG. 1 shoWs and the above description describes a 
system Which is common as a basic model for numerous 
dialysis procedures including TPE. Additional ?uid lines, 
circuits, and componentry may be added (or deleted) to 
increase treatment options. ShoWn in more detail in FIGS. 2 
and 3 is an apparatus 60 Which may be used to provide the 
basic ?uid circuits shoWn in FIG. 1 as Well as some 
additional features With Which the present invention may be 
used. Though less complex apparatuses may be available for 
use With the present invention, it is preferred to be employed 
With an apparatus such as apparatus 60 as described and 
shoWn herein. In particular, FIGS. 2 and 3 depict an extra 
corporeal blood processing or dialysis apparatus 60 Which 
provides numerous treatment options Which are controlled 
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6 
and/or monitored via the control/display screen 61. Touch 
screen controls may be incorporated hereWith and/or other 
conventional knobs or buttons (not shoWn) may be used. 
Other and more detailed information regarding an example 
apparatus 60 may be found in US. Pat. Nos. 5,679,245; 
5,762,805; 5,776,345 and 5,910,252; inter alia. 
A general dialysis treatment procedure as performed, for 

example, With an apparatus 60, Will noW be described With 
reference to FIGS. 2 and 3. First, blood is removed from the 
patient 18 via access device 17 and ?oWs through access line 
14 to the apparatus 60 and ?lter 20. Apparatus 60 and ?lter 
20 process this blood according to a selected one or more of 
a number of extracorporeal blood treatment protocols and 
then return the processed or treated blood to the patient 18 
through return line 16 and return device 19 inserted in or 
otherWise connected to the vascular system of the patient 18. 
The blood ?oW path to and from the patient 18, Which 
includes the access device 17, the access line 14, the ?lter 
20, as Well as the return line 16 and return device 19 back 
to the patient forms the blood ?oW circuit 12 such as the 
schematic one shoWn and described relative to FIG. 1 above. 

Each of the treatment protocols used by apparatus 60 
preferably involves passing the blood in the blood circuit 12 
through ?ltration unit 20. The ?ltration unit 20 uses a 
conventional semi-permeable membrane (not speci?cally 
shoWn in FIGS. 2 and 3) Which, as described above, divides 
the ?lter 20 into primary and secondary chambers 21 and 22 
(also not speci?cally shoWn in FIGS. 2 and 3). The semi 
permeable membrane con?nes the blood in the primary 
circuit 12 to the primary chamber 21. The semi-permeable 
membrane alloWs matter or molecules from the blood in the 
primary chamber 21 to migrate (by diffusion or convection) 
across the semi-permeable membrane into the secondary 
chamber 22, and generally may also alloW matter or mol 
ecules from the secondary chamber to diffuse across the 
semi-permeable membrane from secondary chamber 22 into 
the blood in the primary chamber 21. Each treatment pro 
tocol here generally involves removing extracorporeally 
undesired matter from the blood and/or adding extracorpo 
really desirable matter to the blood. 

First pressure sensor 27 is shoWn in FIGS. 2 and 3 as it 
is connected in the access line 14 (this connection is shoWn 
better in FIG. 3). The ?rst pressure sensor 27 alloWs the ?uid 
pressure in the access line 14 to be monitored independently 
as Well as being used in measuring the trans-membrane 
pressure (TMP) as is described beloW. 

The ?rst peristaltic pump 24 is also shoWn as operably 
connected to the access line 14 and controls the rate of blood 
?oW through the blood circuit 12. Typically, the ?rst pump 
24 is operated When the blood to be treated is WithdraWn 
from an artery or vein of the patient 18 through access 
device 17. The ?rst pump 24 creates a pressure doWnstream 
thereof in the access line 14 Which is higher than the blood 
pressure in the patient’s return blood vessel in Which the 
return device 19 is inserted. The pressure differential created 
by the ?rst pump 24 draWs the blood from the vascular blood 
source through the access device 17, and forces it through 
the blood circuit 12, the ?ltration unit 20 and back through 
the return line 16 and return device 19 into the loWer 
pressure environment of the patient’s return blood vessel. 

Second pressure sensor 28 is connected in the blood 
circuit 12 betWeen the ?rst pump 24 and the blood entrance 
into the ?lter 20. Besides being used for calculation of the 
TMP as described hereinbeloW, another general function of 
the second pressure sensor 28 is to detect and monitor the 
pressure of the blood supplied to the entrance to the ?lter 20. 
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This information may be used to indicate an alarm, for 
example, if the blood pressure at the entrance falls below a 
predetermined value, in Which case blood may be leaking. 
A third pressure sensor 29 is connected at or near the 

outlet of the ?lter 20. Here also, a featured purpose of sensor 
29 is in the determination of the TMP; hoWever, another of 
its functions is to monitor the pressure of the blood in the 
return line 16 at the exit from the ?lter 20 for comparison 
With the pressure sensed by the sensor 28 such that the 
integrity of the How path through the ?lter 20 can be 
monitored and, in particular, clotting of blood inside ?lter 20 
can be detected. In addition, if the return pressure detected 
by the third pressure sensor 29 is beloW a pre-selected level, 
disconnection of the return line 16 or the return device 19 
may be indicated. 

A bubble detector 26 is shoWn in FIG. 2 as preferably 
connected in the blood circuit 12 on apparatus 60 doWn 
stream of the third pressure sensor 29. The bubble detector 
26 is one of many knoWn in the art and its function is to 
detect the possible presence of bubbles and microbubbles in 
the treated blood being returned to the patient 18 in the 
return line 16. Abubble trap 25 is not shoWn in FIGS. 2 or 
3. This illustrates a concept knoWn in the art that a bubble 
trap is not required though it had customarily been preferred 
in these procedures as shoWn in the embodiment of FIG. 1. 

DoWnstream of bubble detector 26, a return clamp 31 is 
also shoWn as preferably connected in the blood circuit 12. 
Return clamp 31 selectively alloWs or terminates the How of 
blood through the blood circuit 12. Preferably, return clamp 
31 may be activated Whenever air is detected in the blood by 
bubble detector 26. 

It is desirable When performing any of the various extra 
corporeal treatments possible using the apparatus 60 that 
anticoagulant be added to the blood in the blood circuit 12. 
The anticoagulant is preferably added to the blood prior to 
its delivery to the ?lter 20 in order to prevent undesirable 
coagulation of the blood resulting from contact of the blood 
With the semi-permeable membrane and/or other compo 
nents Within the blood circuit 12. To add the anticoagulant, 
a pump 62 (see FIG. 2) on apparatus 60 is connected to an 
anticoagulant container 64 to deliver anticoagulant through 
an anticoagulant line 65 to the blood in tubing segment 14. 
The anticoagulant container 64 is preferably a conventional 
syringe having a barrel and a plunger, and the pump 62 is a 
mechanical drive device to move the plunger into the barrel, 
thereby dispensing the anticoagulant into the blood in the 
blood circuit 12 on either a continuous or periodic basis. The 
anticoagulant container may also be a container connected to 
scales Which Weigh the content of the anticoagulant in the 
anticoagulant container. In such a case (not shoWn), pump 
62 Would preferably be a peristaltic pump (also not shoWn) 
Which Would deliver the anticoagulant from the anticoagu 
lant container through the anticoagulant line 65. 

It is sometimes desirable When performing certain treat 
ments using the apparatus 60, such as in TPE procedures, to 
add a replacement ?uid to the blood ?oWing in the blood 
circuit 12. The replacement ?uid adds material to the blood 
in order to adjust the pH of the blood, to add nutrients to the 
blood, or to add ?uid to the blood (as in TPE), among other 
options knoWn in the art. A second peristaltic pump 66 is 
connectable to the blood circuit 12 either before the entrance 
of the blood into the ?ltration unit 20 (not shoWn), or as 
shoWn in FIG. 3, after the exit of the blood from the ?lter 20. 
The second pump 66 delivers the replacement ?uid from a 
replacement ?uid container or bag 68 through a replacement 
?uid line 70. 
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The secondary ?oW circuit 40 is also shoWn in FIGS. 2 

and 3 as it interacts With apparatus 60 and ?lter 20. The 
secondary ?oW circuit 40 is connected to the secondary 
chamber 22 (see FIG. 1) of ?lter 20. Matter extracorporeally 
removed from the blood is removed from the secondary 
chamber 22 of ?lter 20 through the outlet tubing segment 42 
of the secondary ?oW circuit 40, and matter extracorporeally 
added to the blood is moved into ?lter 20 through inlet 
tubing segment 41 of the secondary ?oW circuit 40. The 
secondary ?oW circuit 40 generally includes a ?uid source 
such as bag 49, inlet ?uid line 41, third peristaltic pump 44, 
the secondary chamber 22, a Waste ?uid line 42, fourth 
pressure sensor 54, fourth pump 46, and a Waste collection 
device such as container 53. As is understood, in some 
extracorporeal blood treatment protocols, discrete mechani 
cal components of the secondary ?oW circuit 40 may not be 
used and/or required. 

The source ?uid bag 49 contains a sterile processing ?uid, 
generally isotonic to blood, into Which blood impurities Will 
diffuse through the semi-permeable membrane of the ?ltra 
tion unit 20. The pump 44 is connected in inlet ?uid line 41 
for delivering processing ?uid from the processing ?uid 
source 49 into an entrance to the ?lter 20. 

The Waste collection container 53 is provided to collect or 
receive matter from the blood transferred across the semi 
permeable membrane in ?lter 20 and/or to receive the used 
processing ?uid after it has passed through the ?lter 20. The 
fourth pump 46 is connected to the Waste collection line 42 
for moving body ?uid from the ?lter 20 into the Waste 
collection container 53. The fourth pressure sensor 54 is also 
located in the Waste collection line 42 for the primary 
purpose of monitoring the pressure in the secondary cham 
ber 22 of ?lter 20. In the present invention, this pressure 
value is used With the pressure values obtained from pres 
sure sensor 28 and/or pressure sensors 28 and 29 to calculate 
the trans-membrane pressure (TMP) With better accuracy as 
Will be described beloW. Plugging of the pores of the 
semi-permeable membrane can also be detected by moni 
toring the average pressure upstream and doWnstream of the 
?lter 20 as sensed by second and third pressure sensors 28 
and 29, the pressure in the collection line 42 as sensed by 
fourth pressure sensor 54 and the actual ?oW rate of the 
collection ?uid. 

Preferably, the ?ltration unit 20, the How tubing lines, and 
the other components in the primary and secondary ?oW 
circuits 12 and 40 described herein (With the exception of the 
pumps and a feW other items as is noW apparent or as Will 

be described) are formed as an integral, replaceable unit. An 
example of such an integral replaceable unit is described in 
greater detail in US. Pat. No. 5,441,636 entitled Integrated 
Blood Treatment Fluid Module (see also, US. Pat. No. 
5,679,245, entitled Retention Device for Extracorporeal 
Treatment Apparatus). As is described in greater detail 
therein and as can generally be appreciated from FIGS. 2 
and 3, the integrated tubing and ?lter module (identi?ed in 
FIG. 2 by the reference numeral 72) comprises the ?lter 20 
and all the tubing and related componentry described above 
Which is connectable to control apparatus 60. The ?lter and 
tubing are retained on a plastic support member 74 Which is, 
in turn, connectable to apparatus 60. When in the operative 
position connected to apparatus 60, ?exible ?uid conducting 
tubing lines to and from the ?ltration unit 20 are held in 
operative, pump communicative loops for operative contact 
With the peristaltic pumping members of the pumps 24, 44, 
46 and 66 to cause the ?uid to How through the primary 
(blood) and secondary (processing ?uid) circuits 12 and 40. 
Module 72, including ?lter 20 and all the tubing lines and 
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associated ?oW componentry are preferably disposable after 
use. The peristaltic pumping members of pumps 24, 44, 46, 
and 66 as ?xedly disposed on apparatus 60 (Without the 
disposable tubing loop components) are re-usable. In 
general, the electrical or electromechanical components are 
also ?xedly disposed in or on apparatus 60. Examples of 
these include the display screen 61, the bubble detector 26, 
line clamps 30 and 31 and the transducer portions of sensors 
27, 28, 29 and 54 as Will be described beloW. 
Due to various portions of the ?uid circuits being hidden 

by support member 74 of module 72 in FIG. 2, the ?uid 
circuitry used on the apparatus 60 is shoWn in more detail in 
FIG. 3. The blood circuit 12 is shoWn schematically begin 
ning at the loWer portion of FIG. 3 With the ?rst tubing 
segment 14 providing for blood ?oW from the patient to the 
blood processing apparatus 60 and the second tubing seg 
ment 16 carrying processed blood back to the patient. When 
blood from the patient reaches the processing apparatus 60, 
it ?rst ?oWs through ?rst pressure sensor 27 (P1). The blood 
then travels through pump 24 and through second pressure 
sensor 28 (P2) on its Way to ?lter 20. Note, FIG. 3 shoWs the 
addition of anticoagulant (e.g., heparin) injected in tubing 
segment 14 betWeen pump 24 and pressure sensor 28. 
Anticoagulant may be injected at many potential locations in 
the blood circuit 12 as understood in the art; thus, though 
preferred, this location is merely illustrative. 

After passing through the second pressure sensor 28, the 
blood then ?oWs into the blood processing or ?ltration unit 
20. Entering How is shoWn here at the top of unit 20. Exit 
How of processed blood is then shoWn at the bottom of unit 
20. The exiting processed blood then travels to and through 
the third pressure sensor 29 (P3), line clamp 31 and back to 
the patient through tubing segment 16. Note here again, a 
bubble trap 25 is not shoWn although it could be used as is 
knoWn in the art. Bubble sensor 26 is similarly not shoWn. 
Tubing line clamp 30 is also not shoWn although at least a 
return clamp 31 is preferably provided prior to return to the 
patient. Also shoWn in FIG. 3 relative to blood circuit 12 is 
the optional addition of a substitution ?uid into the pro 
cessed blood prior to its return to the patient. Substitution 
?uid may be added either before or after ?oW through the 
?ltration unit 20 or at numerous other points in the blood 
?oW circuit as is also knoWn in the art. In FIG. 3, substitution 
?uid is shoWn being added after processing in ?lter 20. Here, 
substitution ?uid is contained in a bag 68 and pumped 
through a line 70 by pump 66 into tubing segment 16 
?oWing back to the patient. 

The dialysate or processing ?uid circuit 40 is also shoWn 
in better detail in FIG. 3. The processing ?uid shoWn in FIG. 
3 is pre-mixed and held in a bag 49 (Which substitutes for the 
?uid and electrolyte sources 48 and 50 shoWn and described 
relative to FIG. 1). Processing ?uid is pumped through 
tubing segment 41 via pump 44 to the processing unit 20. 
The processing ?uid collects Waste products from the blood 
in processing unit 20 and then emerges to How to the effluent 
or Waste bag 53 (Which corresponds to the drain device 52 
shoWn and described relative to FIG. 1). Note, the Words 
effluent and Waste are intended to be substantially synony 
mous and are used interchangeably herein. This effluent or 
Waste processing ?uid ?rst ?oWs through the fourth pressure 
sensor 54 (P4) and through pump 46 on its Way to the Waste 
bag 53. Again, as is knoWn in the art, there are procedures 
in Which no processing ?uid is added to or pumped via 
segment 41 into ?lter 20. Rather, only ?ltrate may be 
pumped out of ?lter 20 through segment 42 in these proce 
dures. 
Though not shoWn in FIGS. 2 and 3, one or more 

semi-permeable membranes are disposed in processing unit 
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20. These membranes keep the blood ?oW separate from the 
?ltrate or processing ?uid ?oW, although they do provide for 
transport of certain materials thereacross as is knoWn and 
understood in the art. In the usual case, Waste products are 
removed from the blood by diffusion and/or convection 
(and/or ?ltration) across the membrane. Bene?cial sub 
stances such as bicarbonate and certain electrolytes may 
pass from the processing ?uid into the blood also by 
diffusion (and possibly, though to a lesser extent, 
convection). One of the governing mechanisms for driving 
materials across the membrane is the pressure difference 
across the membrane, also knoWn as the trans-membrane 
pressure (or TMP). Ideally, by controlling the TMP, control 
can be had of hoW fast and thus also hoW many materials 
pass through the membrane during a given procedure. 
HoWever, to control the TMP, the pressures on each side of 
the membrane must be determined. This has been difficult 
for many reasons. For example, pressure sensors have not 
been reliably insertable directly into the respective ?uid 
chambers of the ?lter 20. Also, the ?uid pressure drops in 
value betWeen the inlet to and the outlet from the ?lter 20. 
There is thus no single, easily measured, objective pressure 
value exhibited on either side of the membrane. Therefore, 
all attempts at determining pressure differentials across a 
membrane have been and are still approximations. 

Further, it is common in using processing apparatuses 
such as those described above to choose either the process 
ing unit inlet or outlet pressure as representative of the 
interior pressure on one side of the membrane and subtract 
from that the corresponding inlet or outlet pressure mea 
sured on the other side of the membrane. Thus, either of the 
pressure values obtained from sensor 28 (P2) or from sensor 
29 (P3) could be selected as the representative blood side 
interior ?lter pressure. And, the processing ?uid pressure 
from sensor 54 (P4) could be subtracted therefrom to obtain 
an approximate TMP (note, a processing ?uid inlet pressure 
sensor (not shoWn) could also alternatively be used as the 
representative pressure value as Well). 

Similarly, averages of the pressures on either or both sides 
have also been used in attempting to better approximate the 
TMP. Thus, the value obtained from sensor 28 (P2) could be 
averaged With the value from sensor 29 (P3) by the formula: 

to achieve an approximate blood side pressure value from 
Which the processing ?uid side pressure value from sensor 
54 (P4) could be subtracted. Hence, an approximate TMP is: 

P2 + P3 
TMP = - P4 

(Similarly here as Well, another sensor (not shoWn) could 
have been utiliZed in the inlet side of the processing ?uid 
circuit and then used With P4 to average the processing ?uid 
pressure in the ?lter 20.) Any or all of these pressure and 
TMP values could be displayed on display screen 61 for 
human operator monitoring and/or these values may simply 
be used by the apparatus 60 in internal monitoring to make 
internal decisions and/or automatic adjustments to modify 
the ?uid ?oW parameters. 

Note, the above approximations of the TMP have been 
directed generally toWard determining the average TMP 
along the length of the semi-permeable membrane. Such an 
average is helpful in determining the overall performance of 
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the semi-permeable membrane. At times, it is also desirable 
to determine the maximum TMP experienced by the mem 
brane for avoiding damage or failure thereof. However, this 
maximum TMP is not usually a function of the average 
experience over the length of the membrane; rather, is felt 
locally at an area or point Where the pressure difference is 
greatest. This area is usually at the point of the membrane 
nearest the blood inlet and ?ltrate outlet. Thus, the maximum 
TMP is usually monitored by the relation: 

It is this differential, and the consequent accuracy of Which, 
that is most usually of concern in TPE. 
As to the issue of accuracy, another problem With many 

conventional pressure monitoring systems makes any of 
these approaches less reliable than may be desired. The 
accuracy of pressure sensors used in and With many con 
ventional disposable tubing sets is 110% With a linearity 
error of 11%. In general practice, these error margins are 
acceptable. HoWever, there are procedures in Which these 
margins are less than desirable. 

For example, in the therapeutic plasma exchange (TPE) 
process, the blood plasma and most other blood constituents, 
except the red blood cells, are removed across the mem 
brane. Large pressure differentials are established across the 
membrane to force these materials through the membrane. 
HoWever, these pressure differentials must be closely con 
trolled to protect the red blood cells remaining on the blood 
side of the membrane. If the pressure differential is too large, 
the red blood cells may become damaged or hemolyZed by 
high pressure contact and/or by high pressure shear forces 
causing the red blood cells to be partially forced into the 
pores of the membrane, thereby creating a danger to the 
patient. 

The present invention is intended, in the preferred 
embodiment, to compensate for these inherent 110% errors 
(With or Without the linearity errors) of such pressure sensors 
to arrive at better, safer approximations of TMP’s for use in 
TPE. 

To better describe the present invention, some conven 
tional pressure sensing technologies Will ?rst be addressed. 
The pressure sensors 27, 28, 29 and 54 used herein are 
preferably of a diaphragm type. HoWever, other forms may 
be substituted as Well. Either Way, the pressure sensors used 
in this ?eld are often separated into tWo distinct parts. This 
is because the tubing segments 14, 16 and 42, and all other 
?oW components Which come into contact With blood and/or 
blood Waste products are preferably disposable. The pres 
sure sensors or at least the blood side components of these 
sensors are thus also preferably disposable. The electrical 
transducers are generally expensive and are thus preferably 
incorporated into apparatus 60 and are then reusable. 
As is knoWn in the art, a preferred sensor system, With 

disposable components, Will noW be described With refer 
ence to FIGS. 4, 5, and 6. The disposable portions of the 
pressure sensors are shoWn generally in FIGS. 4 and 5, and 
described as folloWs. Each disposable portion of a pressure 
sensor includes a rigid, preferably plastic casing (hereafter 
called a “pod”) 80. The pod has a diaphragm 82 disposed 
therein. The diaphragm 82 separates the rigid plastic casing 
into tWo ?uid-tight compartments 84 and 86. An inlet 88 and 
an outlet 90 open into one of these compartments 84 to alloW 
?uid to ?oW into and through that compartment (hereafter, 
designated the ?oW side compartment) 84. The other com 
partment 86 on the opposing side of the diaphragm prefer 
ably has only one access 91 for ?uid communication pref 
erably With a dry gas such as air (although Wet/Wet 
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transducers are also usable hereWith). This compartment is 
hereafter referred to as the transducer side compartment 86 
because a transducer is in pressure-sensing communication 
With the ?uid (here, a dry gas) on this side of diaphragm 82. 
This pressure pod 80 With diaphragm 82 is the disposable 
part of the pressure sensor. As used With a preferable 
processing apparatus 60, apparatus 60 has a corresponding 
receptacle in and/or to Which each disposable pod is con 
nected (see FIG. 6 and the description thereof appearing 
beloW); the transducer side access 91 being put in ?uid 
communication With a discrete pressure sensing transducer 
disposed in the processing apparatus 60. The transducer side 
access 91 is also simultaneously put in ?uid communication 
With an internal control unit ?uid tubing system 100 to be 
described further beloW. 
As shoWn in FIG. 5, ?uid ?oWing through the ?oW side 

compartment 84 of such a pressure pod 80 has an inherent 
?uid pressure Which acts on the diaphragm 82 by moving it. 
When the diaphragm moves, the diaphragm either com 
presses or alloWs expansion of the ?uid/dry gas on the 
transducer side of the diaphragm. Compression of the ?uid 
in compartment 86 is generally shoWn using dashed lines in 
FIG. 5. The pressure of the compressed or expanded ?uid is 
sensed by the corresponding pressure transducer inside the 
control apparatus 60. Such transducers are schematically 
shoWn in FIG. 6. The pressure transducer converts the 
sensed pressure to an electrical signal Which is sent to an 
electrical microprocessing unit (not shoWn) Which interprets 
the signal as a pressure value and can then process the signal 
for display, storage or use by softWare (or hardWare) for 
calculations, inter alia. These options Will be addressed 
further beloW. 

Note, other pressure pod styles may also be used. For 
example, pods having only a single access port on the ?oW 
side of the diaphragm are knoWn and can be used here. Also, 
sealed transducer side integral sensing units could also be 
adapted for use here. HoWever, use of a reference transducer 
(such as the return sensor, see beloW) Would be preferred 
over such an adaptation, as the internal pressure system 100 
Would be less simply usable for generating reference pres 
sures for such sealed units. 
As shoWn schematically in FIG. 6, pressure transducer(s) 

92(a—a) disposed inside the apparatus 60 (Which is depicted 
here by dashed lines) sense the pressure(s) of the ?uid(s) in 
the internal tubing line(s) 93(a—a) In operation, the valve(s) 
94(a—a) behind the transducer(s) 92(a—a) are closed and thus 
discrete compressions or expansions of the respective ?uid 
in each internal line 93(a—a) caused by ?uid ?oWing in the 
corresponding exterior pod 80(a—d) is sensed by the respec 
tive transducer 92(a—a'). The components to the left of the 
valves 94(a—a) serve functions generally distinct from the 
pressure sensing operation just described. Here, the left side 
components comprise a dry gas source 96, a dry gas pump 
97 and a system pressure transducer 98 all connected by an 
internal tubing line 99. These components, together With the 
transducers 92(a—a'), the transducer valves 94(a—a) and the 
transducer lines 93(a—a), comprise the internal pressure 
system 100 of apparatus 60. The pump 97 is used, other than 
in the present invention, primarily to pressuriZe the trans 
ducer sides of the pod diaphragms 82(a—a) to their neutral 
position(s). It does this by periodically individually pressur 
iZing a respective transducer line 93(a—a'), one at a time, to 
push (or pull) the diaphragm back to its neutral position to 
increase the future accuracy of its pressure sensing function. 
Pressure system 100 may also used for creating correction 
pressure values in the present invention as Will be described 
beloW. 
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As mentioned, conventional machines in this art have 
previously calculated trans-membrane pressures using, for 
example, averaged pressure values. Other machines have 
used stored parameter values for comparison With later 
measured parameter values, such as for determining Whether 
an access or return pressure has changed too much thereby 
indicating a disconnection. 

HoWever, in the present invention, features such as these 
(calculation and data storage) Will be implemented together 
in a distinctive fashion. For example, after priming but 
preliminary to use on a patient, all the pressure pods 80(a—a) 
in the preferred embodiment are pressuriZed on the trans 
ducer side to various pre-selected pressures by the internal 
dry gas pump 97. The corresponding measured pressure 
values are then stored in a storage data table by the system 
softWare (or hardWare or ?rmWare). These measured pres 
sure values are then used by the system softWare (or 
hardWare, or ?rmWare) during patient operation as correc 
tion values for calculating better approximations of the 
actual trans-membrane pressure (TMP) experienced across 
the semi-permeable membrane. 

In particular, and as can be seen from FIGS. 7 and 8, the 
steps to be taken to calculate the TMP according to the 
present invention are generally as folloWs. First, there are 
tWo general phases of operation; the preliminary phase prior 
to actual use, and the actual use phase on a patient. The 
initial points of these phases are identi?ed in FIGS. 7 and 8 
by the reference numbers 110 and 111 for the preliminary 
and actual use phases, respectively. In the preliminary phase 
110 after the tubing lines and processing unit 20 have been 
loaded on the apparatus 60 and primed With priming solution 
(according to procedures knoWn in the art), then the pre 
liminary phase 110 is initiated and internal tubing system 
100 is pressuriZed to one of a preferable plurality of pre 
selected pressure values. This pressuriZation step is repre 
sented by block 112 in FIGS. 7 and 8. Then, as shoWn in 
FIG. 7 by block 114, the corresponding transducer pressure 
values are measured and recorded in a data table 115. In FIG. 
8, an intermediate step of calculating one or more differen 
tial correction values is inserted betWeen the steps of mea 
suring and recording. These three steps; measuring, calcu 
lating and recording are represented by blocks 117, 118 and 
119, respectively in FIG. 8. Note, the respective data tables, 
both labeled With the identi?cation numeral 115 in FIGS. 7 
and 8, may be identical to or distinct from each other 
depending on the hardWare, softWare or ?rmWare used. 
A ?rst decision box 120 in both FIGS. 7 and 8 signi?es a 

process loop for returning to the pressuriZation step 112 for 
pressuriZation of the internal system 100 to another pre 
selected pressure value applied to all of the pressure trans 
ducers 92(a—a) Note also that external pressuriZation means 
may also be used as an alternative to or in the absence of an 
internal system 100. Thus, a pressure source could be 
applied to the tubing set at, for example, the patient access 
and/or return lines or devices, a pressure applied and all 
transducer values then recorded (FIG. 7) or corrected and 
recorded (FIG. 8). This alternative Would be preferred if 
sealed pressure sensor units are used. After all of the 
pre-selected pressure values have been applied and the 
corresponding measured transducer values (FIG. 7) or cor 
rections (FIG. 8) have been recorded in the data table 115, 
then the actual use procedure 111 can begin. 

The ?rst tWo steps to be taken during actual use as shoWn 
in both FIGS. 7 and 8 are to measure the respective pressures 
exhibited by the ?uids ?oWing through the pressure pods 
80(a—a), as represented by box 122, and then to consult the 
data table and select the nearest recorded value or values per 
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box 124 for use in the ultimate TMP calculation step 126. 
HoWever, the procedure shoWn in FIG. 7 includes an inter 
mediate step 125 of conversion prior to the TMP calculation 
126. Conversion may simply involve a form of interpolation 
or other correction quantity manipulation as described 
beloW. Moreover, though shoWn as a separate step in FIG. 7, 
the TMP formula used in step 126 may be modi?ed to 
incorporate entirely the conversion or interpolation equation 
(s) of step 125, thereby rendering step 125 super?uous as a 
discrete step and thus not separately necessary. It has been 
kept separate to this point to facilitate the description. After 
the calculation step 126, the apparatus 60 may then decide 
(based upon pre-programmed or user programmable 
instructions) Whether to automatically adjust pump speeds 
on one or both sides of the membrane in order to adjust the 
TMP experienced in ?lter 20. Thus, the calculated TMP step 
can include this resulting pump adjustment step. An alarm 
condition may alternatively be programmed or program 
mable as a result. Or, the TMP results may simply be 
displayed for a user to evaluate continuously or periodically 
Either Way, a second decision box 128 is then provided for 
determining When the actual use procedure has reached 
completion. If not complete, then the actual use procedure is 
re-initiated beginning With the measurement step 122. Or, if 
the procedure has reached completion, the end phase is 
represented by the end box 130. 
The preferred means for accomplishing these steps Will 

noW be addressed in detail. HoWever, some variable naming 
conventions Will ?rst be de?ned to ease the description. 

First, the four ?uid ?oW pressure sensors 27, 28, 29 and 
54 Which have been fairly generically referred to above, Will 
noW hereafter be referred to by descriptive names such as 
sensor 27 hereafter being referred to as the access sensor 27, 
sensor 28 being the ?lter sensor 28, sensor 29 being the 
return sensor 29, and sensor 54 being the Waste sensor 54. 
These names are derived logically from the location of each 
sensor relative to its nearest non-pump functional unit; 
access sensor 27 is adjacent the patient access device 17, 
?lter sensor 28 is adjacent the inlet to the ?ltration unit or 
?lter 20, return sensor 29 is near the patient return device 19 
and the Waste sensor is in the Waste line 42 draining to Waste 
receptacle or bag 53. 
The pressure values measured at each of these sensors 

may then be reduced to variables such as F for the pressure 
values associated With ?lter sensor 28, R for the values of 
return sensor 29 and W for the values of Waste pressure 
sensor 54, for example. Subscripts Will also be used to 
further de?ne Which values are being used. For example, Fa 
represents the actual or applied pressure at the ?lter sensor 
28 Whereas, Fm represents the pressure value measured by 
?lter sensor 28 (noting that due to the transducer error 
margins, Fm should but likely Will not equal Fa). Similar a 
and m subscripts are used for the R and W variables, as Well 
as for the trans-membrane pressure variable, TMP. 

Further subscripting is also used hereinbeloW for the 
values stored in the data table as Well as for those measured 
during operation. For example, in some versions of the 
present invention, both the actual pre-selected value applied 
to a sensor and the corresponding preliminarily measured 
value Will be stored in the data table. HoWever, since a 
plurality of each of these corresponding values Will prefer 
ably be stored in the data table, corresponding sequential 
numbers can be used to keep track of all the corresponding 
values in a given value set corresponding to a single pre 
liminarily applied pressure value. For example, a subscript 
numeral 1 is added for the ?rst set of preliminarily measured 
and then stored values corresponding to the ?rst preliminar 
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ily applied pressure value. Thus, Fa1 (the applied value) 
corresponds With Fm1 as Well as With Wal, Wm1 and Ra1 and 
Rml; While Fa2 corresponds With Fm2 as Well as With Waz, 
Wmz, Ra2 and Rmz, for the second set of preliminarily 
established values (note, Fa1=Wa1=Ra1 and Fa2=Wa2=Ra2). 
Subscripts 3 and 4, inter alia, Will also be used for further 
table values as Will become clear. These values can then be 
used to determine or approXimate unknown, operationally 
measured X or y values such as the actual Fax Which 
corresponds to a measured Fmx and a Wax, Wmx, Rm and Rmx 
as Well. The variables X and y are generally intended to 
represent any set of corresponding operational values out 
side or betWeen sets 1 and 2, or 3 and 4, for eXample. Thus, 
a similar value set may be determined for a second opera 
tional value set, y, as in Fay, Fmy, Way, Wmy, Ray, Rmy. Or, 
still further variable sets may also be used as desired. 

Generally during the operation phase, at any given point 
in time, an Fmx Will be measured from Which all other X 
values Will be determined or approXimated by reference to 
the data table and calculation as necessary. At or near that 
point in time, a distinct Wmy value Will be measured With its 
corresponding y values derived or approXimated from the 
data table and calculation as necessary. It is through use of 
these associated X and y values that a correction or modi 
?cation to Fmx and/or Wmy can be achieved to develop a 
corrected or modi?ed TMP. Thus, in general TMPcorrmed= 

mycwmd, Which is also represented as TMPC= 
Fmx; myc. Usually, the corresponding actual aX and ay 
values are the ultimately sought values for obtaining TMPC. 
HoWever, since the transducer errors are not completely 
eliminated hereby, the aX and ay values are not necessarily 
obtained. Although, if the errors could eliminated, then, the 
aX and ay values Would be the corrected or modi?ed values 

such that FmxC=Fax and WmyC=Way so that TMPC=Fax—Way. 
A ?rst eXample according to the present invention Will 

noW be described. 
In one instance of building a pre-operational value data 

table as in performance of the ?rst tWo steps according to the 
How chart shoWn in FIG. 7, the folloWing list of typical 
measured values Were obtained. Note, the applied values 
represented beloW are those applied by an internal tubing 
system 100 and pump 97 as established by internal system 
transducer 98. If a Zero error could be assumed for the 
measurements of the internal system transducer 98, then 
these applied values Would also represent actual pressure 
values With the ?lter and Waste measurements shoWing their 
inherent measurement errors. 

mxcorrecled 

TABLE 1 

Pre-Operation Applied Values and Corresponding Sensor Readings 

Applied Pressure Values Filter Sensor Reading Waste Sensor Reading 
(F3 and W3) mmHg mmHg (Wm) mmHg 

—50 —63 —63 
O —4 —4 

5O 47 44 
100 101 96 
150 152 146 
200 203 196 
250 257 247 
300 309 298 
350 359 345 
400 412 397 
450 463 445 
492 534 486 

These values (Fa, Wu, Fm and Wm) are shoWn graphically in 
FIG. 9 With the applied values presented horiZontally along 
the X-aXis and the corresponding measured values (Fm and 
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Wm) along the Y-aXis. A solid line has been draWn for each 
of the sets of measured values (Fm and Wm) and a dashed 
line has been draWn representing an ideal Zero error condi 
tion Where the actual or measured value Would equal the 
applied value. Note, a single data table can be created and 
used as shoWn here in Table 1, or separate tables for the F 
and W values may be maintained. This is true also for the R 
(or even the access, A) values (not shoWn in Table 1) if used; 
they may all three (or more) be stored in one table or in 
separate tables. 

Using FIG. 9 it Will noW be shoWn that a form of curve 
?tting Will provide better accuracy in pressure monitoring 
and is thus a preferred method for use in pressure sensitive 
procedures such as TPE. More particularly, operationally 
measured pressures Will be shoWn to be modi?ed to better 
re?ect the actual pressures occurring in the respective ?uid 
containers (including e.g., the respective ?lter chambers, 
compartments, or like ?uid ?oW channels or in the tubing 
lines or the respective pods or casings or even in the bags, 
inter alia) at or near the respective pressure sensors 27, 28 
and 54. This curve ?tting is one form of conversion per 
block 125 of FIG. 7, and again, this conversion can be 
performed simultaneously With the end calculation of block 
126. 

In particular, a simpli?ed form of curve ?tting according 
to the present invention involves either single or double 
point interpolation using the nearest recorded values as the 
interpolation reference. Remembering the variable naming 
conventions set forth above, the sought-after operational, 
unknoWn ?lter value is Fax. Fax is the approXimate, near 
actual pressure value Which corresponds to the operationally 
measured ?lter value Fmx. Fax better represents the actual 
pressure being eXhibited adjacent the ?lter sensor 28 and Fax 
is therefore the value sought here for use in the ultimate 
TMP calculation. According to the How chart of FIG. 7 and 
assuming FIG. 9 represents the data stored in data table 115 
pursuant to steps 112 and 114, once a ?lter value, Fmx, is 
measured in operation, the neXt step is to consult the data 
table 115 and select the nearest data values stored therein. 
Then, these values can be used to ?nd a corresponding Fax 
through interpolation, curve-?tting or ratioing. A single 
point ratioing can be used as in 

Whereby Fa1 and Fm1 represent the closest recorded data 
point found stored in the table 115 relative to Fmx. Then, 

(F01) 
Fax = Fmx' 

(Fm) 

Using as an arbitrary eXample an operationally measured 
Fmx of 275 mmHg, the data table 115, as represented by 
Table 1 and FIG. 9, reveals that the nearest single recorded 
data point (Fal, Fml) is that point Where Fm1 is 257 mmHg, 
With a corresponding Fa1 of 250 mmHg. In other Words, 
Fm1=257 is the closest recorded m value in the data table to 
the operationally measured Fmx of 275 mmHg. Thus, con 
tinuing the eXample, 

(250) (F01) 
Fax = F — - m 

m - — _ 275 

(Fm) 
: 267.5 mmHg 
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Depending upon the linearity of the data table values, 
another, potentially better approximation may be derived 
from a tWo point linear interpolation as in the formula: 

Whereby Fa2 and Fm2 represent a second close, recorded data 
point relative to Fmx. Preferably though not necessarily, this 
second data point (Faz, Fmz) is the next higher data point 
from Fmx and the ?rst data point (Fal, Fml) is the next loWer 
data point. Again, using the arbitrary example of an opera 
tionally measured value of Fmx=275 mmHg, the second data 
point is found from Table 1 and/or FIG. 9 to be Fm2=309 
mmHg With a corresponding Fa2=300 mmHg. Thus the 
above tWo point equation becomes: 

(300 - 250) (F712 — F01) _ _ 

(309 - 257) 
Fax : = 264.4 mmHg 

Or, by a further re?nement in tWo point interpolation Where, 

Which according to the above example, simpli?es to 

300- 250 
a, = m -(275 - 257) + 250 = 267.3 mmHg 

Numerous similar interpolation, curve-?tting and ratio 
relationship possibilities exist and are intended Within the 
scope of the present invention. 
A corrected Waste value Way could also be found in any 

of these Ways by selecting from the data table 115 (for 
example; Table 1 and/or FIG. 9) the closest Wa3, Wm3 values 
With or Without Wa4, Wm4 values. The use of subscripts 3 
and 4 is intended to shoW that different table values are 
preferably consulted for the W values as opposed to the F 
values. The operationally measured Wmy may and likely Will 
have different data table points closer thereto. Thus, Wm3, 
Wu3 represents a ?rst data table point close to Wmy, and 
Wm4, Wu4 represents a second close data table point. Then 
a corrected TMPC could be calculated (per step 126, in FIG. 
7) using the general formula: 

Further, as mentioned above, the separate step of conver 
sion or interpolation could be eliminated by incorporating 
the interpolation table values directly into the ultimate TMP 
calculation. For example, using the single point method 
TMPC becomes: 

(F01) (WM 

Where Fmx and Wm are the operationally measured values of 
F and W taken from respective sensors 28 and 54. Opera 
tionally measured means taken during the operation phase. 
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Note also that Fa=Fa1 does not equal Wa=Wa3. Rather Fa1 is 
found from the data table 115 as the value corresponding to 
the Fm1 table value Which is nearest to the operationally 
measured Fmx. Wu3 is found in the same fashion from its 
distinct table set of W values as the corresponding value to 
the Wm3 table value Which is nearest the operationally 
measured Wmy. 

Similarly, the use of the ?rst tWo point interpolation 
derived above Would generate a TMPC formula of: 

With the same notes about subscripts 1, 2, 3 and 4 as set forth 
above. Again, numerous interpolation formulas can be sub 
stituted herein; including the second tWo point interpolation 
formula derived above, such that 

As a second general method, the return pressure sensor 29 
and values measured thereby may also be used in modifying 
the ?lter and Waste pressure values to improve TMP accu 
racy. Generally, this entails using the return pressure sensor 
to represent the applied value from the above examples. 
Thus, the internal transducer 98, and values measured 
thereby during preliminary pressuriZation is not necessarily 
used in this example at least not in the calculations or data 
storage. A more detailed step through process using the 
return values as the references Will noW be described. 

First, When priming is complete, the ?lter, return, and 
Waste pressures are noted and these values shall be referred 
to as the initial priming pressure values. These may be 
recorded in the data table. The internal tubing system line 99 
(see FIG. 6) is set to a neutral initial pressuriZation value 
such as 0 mmHg and then the ?lter, return and Waste valves 
94 b, c and d (FIG. 6) are opened simultaneously and 
alloWed to stabiliZe. These initial steps are preferred but may 
not be necessary depending on the equipment (sensors, etc.) 
being used. 

Then, using the value measured by the return transducer 
92c as the reference standard, the internal line 99 is pres 
suriZed With the dry gas pump 97 to the point Where 
transducer 92c measures a ?rst preselected pressuriZation 
value such as —50 mmHg, for example. The ?lter, Waste, and 
return pressures are preferably then alloWed to stabiliZe. 
Next, the corresponding measured ?lter, Waste, and return 
pressure values are recorded in the data table 115 Where the 
return pressure value remains equal to this ?rst pressuriZa 
tion value (e.g., —50 mmHg.). These recorded pressure 
values are hereafter referred to as correction pressure 

quantities, Fml, Wm1 and Rm1 (or other numerical subset 
variables, such as 2, 3 or 4, e.g.), as described above: Note, 
even though Rm is a measured value, it also represents the 
applied value in correspondence to the applied values 
addressed in the ?rst example above (thus, in this example, 
Rm1=Ra1=Fa1=Wa1)' 
The above tWo steps of pressuriZation and recording are 

repeated for various preliminarily applied pressures such as 
for 0, +50, +100, +150, +200, +250, +300 +350, +400, +450, 
+500 mmHg, for example. Numerous alternative pre 
selected applied pressure values may also be used. The data 
table 115 is then completed. 

Then, all of the internal line valves 94a—d (FIG. 6) are 
closed and the ?lter, Waste, and return pressure values are 
restored to their initial priming values noted above. 
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The apparatus is then ready for patient operation, and 
during the patient run, the TMP is calculated as follows: 

First, an operational ?lter value Fmx is measured on ?lter 
sensor 28; 

Then, in the data table 115, the ?lter correction pressure 
values (here, Fml, Rml) (Which is analogous to the data 
point (Fml, Fal) used in the above examples) closest to 
the measured ?lter value Fmx are selected. 

Linear interpolation is then used to convert the measured 
?lter pressure Fmx into a corrected ?lter pressure, Fax, as 
above. A preferred interpolation formula for this second 
method is derived as folloWs (noting that the simpler inter 
polation formulas introduced above could be used here as 

Well): 
Fm1 is de?ned as the loWer recorded ?lter correction 

pressure value (this is the same as Fml, above); and 
Fm2 is de?ned as the upper recorded ?lter correction 

pressure value (F above). 
Similarly, 

Rm1 is de?ned as the recorded return pressure that corre 
sponds to the loWer ?lter correction pressure, Fml. 
Thus, Rm1 is the same value conceptually as Fa 1, above, 
the difference being that Rm1 here Was measured by the 
return sensor 29 as opposed to the internal system 
transducer 98 (Which gave the applied pressure value); 
and 

Rm2 is de?ned as the return pressure that corresponds to 
the upper ?lter correction pressure, Fm2 (Again, Rm2 is 
like Fa2 except as noted for the Rm1 and Fa1 relation 
above). 

Then, by linear interpolation in the same fashion as the 
last interpolation formula set forth above; 

(Note, Rm2 and Rm1 appear as if substituted for Fa2 and Fal, 
respectively, from the last formula.) 

The corrected Waste pressure is interpolated also accord 
ing to the last interpolation formula such that; 

(As above, Rm4 and Rm3 are merely substituted for Wu4 and 
Wa3, respectively, in the most recently developed interpo 
lation formula above. The subscripts 3 and 4 are intended 
merely to signify that distinct table values Will likely be 
found relative to the operationally measured Wmy.) 

The corrected TMP is then calculated per the folloWing 
equation: 

And, as above, the interpolation equations could be substi 
tuted into the ?nal TMP equation such that 

TMPC = F,, - Way 

Note, the access transducer 92a (corresponding to access 
sensor 27) could also be used as the initial reference standard 
in an embodiment such as this. 
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20 
Also With this embodiment, using the return (or access) 

transducer as the reference standard for the corrections, the 
concept of using an external pre-pressuriZation system may 
be easily understood. Thus, instead of building a data table 
115 using the internal pressure system 100 to apply the 
various pre-selected pressures to the ?lter, Waste and return 
(or access) transducers; an external pressuriZation device 
(not shoWn) could be applied to the tubing system (both the 
blood and processing ?uid circuits 12 and 40), before or 
preferably after priming. Then, this external pressuriZation 
system could be used to sequentially supply the pre-selected 
pressuriZation values, using the return (or access) transducer 
as the reference, and the corresponding ?lter and Waste 
pressures can then be stored in the data table as before. 
Indeed, all other steps Would proceed as before. An internal 
pressuriZation system 100 may still be disposed in the 
apparatus 60 for other uses (diaphragm repositioning), or it 
could be eliminated. From this, it can be understood that 
back side sealed pressure sensors (vacuum sealed or the like) 
could be used hereWith, all other steps still proceeding as 
described. Principally, this means any sensor can be used 
hereWith so long as it can be pre-pressuriZed (front or back) 
to various pre-selected pressure values and the correspond 
ing preliminarily measured values then stored in a data table 
for later use in modifying the operationally measured pres 
sure values. Note, if no internal system 100 or the like, is 
used, then the external pressure source Will need to be 
connected to pressuriZe both the primary and secondary 
circuits 12 and 40 simultaneously so that the barrier 
therebetWeen, the semi-permeable membrane in the primary 
example, Will not be damaged. 

Note, display screen 61 may provide a display of the 
functioning of the TMP measurement. This screen may 
display the ?lter pressure, the Waste pressure, and selected 
correction values, including the corrected TMP=TMPC. 

Help display screens can be provided to explain Why the 
TMPC is different from the mere subtraction of the Waste 
pressure value from the ?lter pressure value. The help screen 
can note that the TMPC is the corrected Filter Pressure minus 
the corrected Waste Pressure corrected for the accuracy 
errors inherent in the sensors on the machine. 
The display 61 need not shoW all or any of these values 

as the apparatus 60 may also be programmed to interpret the 
operational TMP values and automatically adjust various 
?oW parameters (such as pump speed) to bring the TMP to 
a preferred preselected value. Thus, no speci?c measure 
ments need be shoWn With such internal monitoring. 
A third approach Will noW be described. First, consider a 

TMP correction scheme similar to those described above. 
This third scheme also involves pressuriZing the ?lter and 
Waste transducers to a set of ?xed pressures such as those 
used above (-50 mmHg, 0, +50 mmHg, . . . , +450 mmHg 

and/or +500 mmHg). HoWever, here, as shoWn in FIG. 8, at 
each preliminary pressuriZation value, the difference 
betWeen the corresponding preliminarily measured ?lter and 
Waste pressures is recorded in the data table 115 as a 
correction quantity. The correction quantity is used later to 
modify the operationally measured TMP, so that the cor 
rected TMP (=TMPC) is closer to the actual pressure differ 
ence experienced by the membrane. 
The correction quantities for this third method are de?ned 

as folloWs. 

The formula de?ning the correction quantity to be 
recorded in table 115 is as folloWs. First, CS is de?ned as the 
correction quantity at a particular preliminarily applied 
system pressure FaS=WaS as stored in the data table 115. 
Then, by the above description of this third approach, the 
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correction quantity is the difference between the ?lter and 
Waste values at S; CS=FmS—WmS. CS is thus the stored 
correction quantity When the applied pressures FaS=WaS. S 
as a subscript variable generally corresponds to the recorded 
value sets 1, 2, 3 and 4 used and described relative to the ?rst 
and second approaches above. 
The corrected TMP=TMPC is de?ned for this third 

approach at an operationally measured Fmx and Wm as; 

TMPC=FmX—Wmy—1/2CSX—1/2CSy. 

In this formula, Csx is de?ned as the correction quantity CS 
Which corresponds to the stored Fms Which is nearest to the 
operationally measured value Fmx. This could also be Written 
in terms of the corrected or modi?ed Fax relative to the 
measured Fmx as Fax=Fmx—V2CSx. Similarly, CSy is the cor 
rection quantity corresponding to the stored Wm Which is 
nearest to the operationally measured Wmy. Therefore, Wmy 
could be corrected to achieve a Way as Way=Wmy+V2CSy. 
This is hoW the correction quantities are de?ned as the 
closest stored correction quantities in the data table to the 
respective operationally measured pressures Fmx and Wmy. 
Note, the Csx may be, but likely is not equal to CSy depending 
only on the nearest Fms and Wm values in the data table 115. 

This is different from the ?rst tWo methods set forth above 
because here the preference is in storing the calculated 
corrections, C=F—W, in the data table 115, as opposed to 
merely storing the preliminary values themselves. Also, 
these are not curve-?tting in the same fashion as the inter 
polation methods Were above. HoWever, it should also be 
noted that the corrections, C=F—W, can also be performed 
during actual operation immediately prior to, or simulta 
neously With the ultimate TMP calculation as opposed to 
being a stored value (the Fsx and the WW values are stored 
in the data table 115). This sort of procedure can then be 
generally equivalent to the conversion step represented by 
block 125 in FIG. 7. And, as before, these conversions can 
also be rolled into the ?nal calculation step 126. Moreover, 
these corrections C=F—W could also be vieWed as forming 
a line or curve as in the previous examples, and thus 
interpolation can be used here also to improve the accuracy 
of the correction quantities being used. 

Next, a fourth approach Will be described. This fourth 
approach is a TMP correction scheme similar to the third 
approach set forth above; hoWever, this method also uses the 
return pressure as a standard, and the Waste and ?lter 
pressures are corrected to correspond to the return for the 
TMP calculation. 
More particularly, this method involves preliminarily 

pressuriZing the ?lter, Waste and return transducers to a 
similar set of preselected pressure values (such as the —50 
mmHg, 0, +50 mmHg, +150 mmHg, . . . , +450 mmHg, +500 

mmHg sets used above) but in this method, the difference 
betWeen the preliminarily measured ?lter and return pres 
sures are recorded as one correction quantity. A second 
correction quantity representing the difference betWeen the 
Waste and return pressures is also recorded, and this may be 
done simultaneously or, the pressuriZation sequence may be 
repeated subsequently for the Waste and the return trans 
ducer relationships. These correction quantities are used to 
modify the operationally measured TMP so that the calcu 
lated TMPC is closer to the actual TMP exhibited across the 
semi-permeable membrane. 

The corrections for this fourth method are de?ned as 
folloWs. 

First, CS1 is de?ned as the correction quantity When the 
?lter transducer is at a ?rst preliminarily applied pressure 
S1. Then the formula de?ning the correction is: CS1=Rm1— 
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Fm1 When Fa1=Ra1. CS2 is de?ned as the correction When the 
Waste transducer is at a second pressure S2. Then CS2=Rm2— 
Wm2 When Wa2=Ra2. 

The TMPC formula for this fourth approach is then de?ned 
as: 

Note that as in the third method above, the correction 
quantities to be used are the ones closest to the operationally 
measured pressure values. Thus, Csx is de?ned as the cor 
rection quantity CS Which corresponds to the stored Fms 
Which is nearest to the operationally measured value Fmx. 
This could also be Written in terms of the corrected or 
modi?ed Fax relative to the measured Fmx as Fax=Fmx+CSx. 
Similarly, CSy is the correction quantity corresponding to the 
stored Wm Which is nearest to the operationally measured 
Wmy. Therefore, Wmy could be corrected to achieve a Way as 
Way=Wmy+CSy. This is hoW the correction quantities are 
de?ned as the closest stored correction quantities in the data 
table to the respective operationally measured pressures Fmx 
and Wmy. 

This suggests another Way of vieWing this correction 
scheme. In particular, if x=1 and CS1=Rm1—Fm1 and When 
y=2 and CS2=Rm2—Wm2; then by substituting into the TMPC 
de?nition, this special situation simpli?es to: 

Note also as above, the Csx may be, but likely is not equal 
to CSy depending only on the nearest Fms and Wm values in 
the data table 115. 

Moreover, the correction quantities calculated by this 
method (R-F, and R-W) are preferably stored in the data 
table during the preliminary phase prior to the actual, 
operational use phase. HoWever, these manipulations can 
also be performed during actual operation immediately prior 
to or simultaneously With the ultimate TMP calculation 
(steps 125 and 126, respectively). Also, as before, interpo 
lation of these correction values can be performed to 
improve the accuracy of the resulting correction quantities 
being used. 

Without intending to limit the invention to any particular 
theory, it is believed that the primary principle of operation 
for at least this fourth approach is that the difference betWeen 
tWo measurements taken by the same transducer (the return 
transducer R, for example) is more accurate than the corre 
sponding difference betWeen one measurement taken by one 
transducer and a second measurement taken by a second 
transducer (the ?lter F and Waste W transducers, 
respectively, for example). This is because the substantially 
constant linearity that each of these systems (transducers) 
exhibits individually is usually better for that single trans 
ducer than When the accuracies, even if linear, of tWo or 
more transducers are combined. The overall accuracy of tWo 
or more transducers is thus less than that for a single 
transducer. 

Brief summaries of operation of these third and fourth 
methods Will noW be set forth. The third approach Will 
hereafter also be referred to as the tWo-transducer method, 
the fourth approach as the three-transducer method. 

In the tWo-transducer method, the minimum items needed 
are tWo transducers Whose difference is to be measured in 
operation; an apparatus to apply identical parametric stimuli 
to both transducers simultaneously; an apparatus to record 
the parametric value readings of and/or the differences 
betWeen the tWo transducers When they are stimulated 
identically; and a device or other means for taking opera 














